hole. Accordingly, the Ti02 coating acts as a non-sacrificial anode and protects cathodically substrate metal even with presence of coating defects.
The photoeffect of Ti02/metal system is in evidence of crucial importance for this approach. As shown in the previous works of Yuan and Tsujikawa3' 4~ the performance of photoeffects varied with the types of metal substrate and coating technique ; moreover,
proper pre-and/or after-treatments are necessary to ensure a good photoelectrochemical response. When sol-gel derived Ti02 is coated directly on substrates of carbon steel, no photoeffect was observed ; however, with proper pre-oxidation of the metal substrate in air, photoeffect was observed4' . Thus, the photoeffect of Ti02/steel is influenced significantly by the iron oxides formed on steel surface during the pre-oxidation.
As well known, there are many different types of iron oxides all with different compositions, structures and properties. Therefore, it is imperative to examine the 
Experimental
The carbon steel sheets (mass % : C 0.111, Si 0.013, Mn 0.367, P 0.015, S 0.0056, Al 0.120, Fe bal.) of 0.8 mm thickness were cut to a size of 25 x 25 mm. The Fe3O4 layer was prepared on the carbon steel with the blackening method 5),6). After polished and thoroughly rinsed, the steel sheets were treated in a blackening solution (mass% NaOH 45 , Na3PO3 10, NaNO2 5 and 1120 40) at 140° C. The treated specimens were then rinsed thoroughly with flowing cold water and finally rinsed with hot-water to be dried. The yFe 2 0 3 and a-Fe 2 03 on the carbon steel were obtained through the phase transformation of Fe3O4 by heat treatment at 375° C and 525° C, respectively. Finally, the specimens were coated with TiO2 by sol-gel method.
The TiO2 sol-gel solution preparation, dip-coating procedure were identical to the previous work4' .
The photoelectrochemical measurements were conducted under illumination of a 500 W high pressure Hg lamp. The test solution was 1 m mol/l NaHCO3, pH 11 adjusted with concentrated Na2CO3 solution. Polarization curves were measured by potential sweeps started from the spontaneous electrode potentials with a scanning rate of 25 mV/min.
The electrode potential was referred to a saturated calomel electrode (SCE). Without specification, all the experiments were carried out in aerated condition. For deaerated condition, the solutions were thoroughly purged with 99.99 % nitrogen gas. The electrochemical experiments were conducted at room temperature.
The structural variation of iron oxides on carbon steel were determined by the X-ray diffraction using a Cu Ka beam (40 kV, 200 mA). The microscopy examination for the specimen surface was carried out with a scanning electron microscopy.
The surface analysis of TiO2/ steel specimens was examined with a XPSSpectrometer (Shimadzu ESCA 850) using a Mg Ka radiation (8 kV, 30mA and a-Fe203, respectively. B (140, t), H 1 (375, t) and H 2 (525, t) represent samples blackening treated at 140° C, heat treated at 375° C and retreated at 525° C for t min, respectively. = 33 .1° were selected to represent the identified phases of Fe, Fe3O4 (y-Fe2O3) and aFe2O3, respectively. As determined from the XRD analysis as shown in 1 ig. 2, the pure Fe3O4 layer were obtained on carbon steel and its thickness increased with increasing blackening duration (Fig. 3 ). The relationships between the integral intensities and the heat treatment time are displayed in Fig. 4 . It can be seen that the XRD patterns for Fe3O4/steel with and without 375° C heat treatment were nearly the same ; only a small increase in the intensity of Fe3O4 was observed. However, after retreating at 525° C, the typical a-Fe2O3 pattern with the peak at 26 = 33.1° was observed and its intensity increased with increase in the heat treatment time, tx2. The intensity of Fe3O4 increased first and then leveled off. This means that the transformation of Fe3O4 to a-Fe2O3 and the oxidation of substrate steel to Fe3O4 occurred simultaneously. It was also observed that the breakdown of surface oxide layer was shown often for samples blackening-treated for a duration of 5 min because of its relatively thin and porous blackening layer unable to retard the oxidation of substrate effectively. Furthermore, the samples blackening-treated for 15 min had a little more amount of a-Fe2O3 than that for 30 min perhaps due to the thin and porous blackening layer easier to be oxidized and transform.
The surface color of specimen were dark, crowned-red or blue-dust as blackening-treated (Fe3O4), after heat treated at 375°C (yFe2O3) or retreated at 525° C (a-Fe2O3), respectively. The SEM photographs of the surfaces of iron oxides on carbon steel after the heat treatments are shown in Fig. 5 . The SEM morphologies are similar for Fe3O4 with and without 375° C-60 min treatment.
However, after the heat treatment at 525° C, the surface morphologies changed drastically reflecting the structure transformation from inverse spinel to corundum as marked in the photograph.
3.2 Effect of iron oxides on the photoelectrochemical response of TiO2/steel Fig. 6 shows the effects of the heat treatment temperature for Fe 3 04 /steel on the photo-effects of TiO2/iron oxide/steel.
The photopotential became less noble while the dark potential increased with increasing temperature. The variation of potential can be categorized into different regions each correlating with the temperature range of the iron oxide, phase transformation.
For temperatures below ^-300° C (Fe3O4), the photopotential is more noble than the dark potential. For temperatures ranging between 300 and 450° C (y-Fe2O3), increasing temperature will decrease the photopotential slightly and increase the dark potential ; this temperature range is thus considered to be the transitional region. For temperatures above 450°C (a-Fe2O3), the photopotential became less noble significantly ; however, at temperatures above 550° C, the photopotential was elevated again. This fact can be at- tributed to the formation of FeO to break the oxide layer. Fig. 7 shows the effect of heat treatment time at 375'C for iron oxide/steel on both the anodic photocurrents (at a potential of 0 mV vs. SCE) and photopotentials of T10,/iron oxide/steel. When the heat treatment temperature was 375° C, the observed photoeffect was poor with a small increase in photocurrent and a slight shift of photopotential not less noble than 350 mV. However, for the heat treatment at 525° C (Fig. 8) , increase in the heat treatment time gave a significant and vivid effect in both the photocurrent (a) and the photopotential (b). The anodic photocurrent was increased considerably up to near 100 [tA/cm2 and the photopotential was reduced to -560 mV vs . SCE. The optimum heat treatment condition was found to be 375° C-60 min for samples blackening-treated for 30 min, followed by 525° C-90 min. When the duration at 525° C was longer than 90 min, although the amounts of a-Fe 203 increased with increase in the duration, no further improvement in photoeffect was obtained. In addition, a little better photoeffect was found for samples blackening-treated for 30 min than that for 15 min although the former had less amount of a-Fe203 than the latter. These suggest that besides the presence of interfacial a-Fe 203, some other effect as discussed later could also affect the photoelectrochemical response. The polarization curves of iron oxide/steel with and without additional Ti02 coating were measured to further enhance the understanding of the effect of iron oxides. The polarization curves of iron oxide/steel with no Ti02 coating are shown in Fig. 9 . The electronic properties of iron oxides were well exhibited in the measured polarization curves. Without illumination, the magnitude of anodic currents decreased from Fe304 (a), y-Fe203 (b) , to a-Fe 203 (c); the anodic currents decreased in this specific order because the conductivities of Fe304 and y-Fe203 are larger than that of a-Fe203. The Fe304 exhibits the largest anodic current because it has plenty of hopping electrons among Fe2+ and Fe3+ ions thus Fe304 can be oxidized in anodic polarization.
The examination of catholic behavior shows that because oxygen is easily reduced on the surface of inverse spinel oxide, the catholic oxygen reduction currents on Fe 3 04 and yFe203 are larger than that on a-Fe203. Under illumination condition, Fe304 (a) andy-Fe203 (b) showed no photo-response in anodic polarization, while a-Fe 203 (c) had an increased anodic photocurrent. This is well consistent with an n-type semiconductor behavior of aFe203.
The polarization curves of iron oxide/carbon steel with Ti02 coating were shown in Fig. 10 . The examination of anodic behavior reveals (a) no photoeffect before heat treatment (Ti02/Fe304/steel), (b) a small photocurrents and a slight less noble shift of photopotential after a heat treatment at 375° C for 60 min (Ti02/y-Fe203/steel), and (c) a large photocurrents accompanying a significant shift of the photopotential toward less noble region after retreating at 525° C for 90 min (Ti02/a-Fe203/steel).
Moreover, in deaerated conditions, the photopotential shifts further toward the less noble region because the cathodic process of oxygen reduction was suppressed. Besides the anodic behavior, the cathodic photocurrent under illumination was observed especially in Fig. 10 (a) to be larger than that without illumination in the potential regions for oxygen reduction in aerated solutions. The above phenomenon was not observed in deaerated solutions. This phea b Fig. 8 The relationship of the photo-effects in terms of current(a) and potential(b) of Ti02/ iron oxide/steel with the heat treatment time of iron oxide/steel at 525°C. The substrate was blackening-treated at 140° C for 15 min and 30 min, followed by heated at 375°C for 60 min. large and stable, which means that the photo-excited electrons were transferred from the conduction band of Ti02 through the interfacial layer of a-Fe203 to the steel substrate. The anodic photocurrent decreased with decrease in the electrode potential (at -450 mV vs. SCE). The potential region where oxygen is reducible is examined next. The measurement at a potential of -650 mV vs. SCE shows that the catholic current, initially about 28 A/ cm2, dropped rapidly when the light was switched on, the current reached a value of 18 [cA/cm2 before reversing itself and began to increase rapidly. The current was finally stabilized at 45 [tA/cm2 which is larger than the original catholic current before illumination. When the light was switched off, the current jumped with a catholic peak before reversing itself and began to decrease rapidly. Because of the diffusion effect of species, the current then dipped below its original value, reaching a minimum again before turning itself and began to increase. The current finally stabilized at a value near its original value after experiencing this long transitional period. The transient peaks which were observed just after the light was switched on or off is attributed to the anodic photocurrent of water oxidation. The increment of catholic current under illumination is explained by the addition of oxygen reduction which can be induced by two possible alternatives.
The first is the increase of oxygen concentration via a convection process which was induced by the thermal effect of illumination 18),19) ; these oxygen were reduced at the defect positions of Ti02 coating such as porosities and micro cracks. The second alternative is the sub-bandgap transition, that is, photo-excited electrons transferred from the valence band to the mediate states (localized states, surface states) then further to the redox 02/OH-couples in electrolyte20~. These two alternatives are both related to the surface property of Ti02 coating.
3.3 Interfacial characterization of Ti02 / steel Concluding from the above, the significant photoelectrochemical response can be attributed to the interfacial a-Fe203 layer ; moreover, when this layer is replaced with Fe304 or yFe203, the observed photoelectrochemical response is poor. The transferring of photo-excited electrons from Ti02 coating to the substrate should be a key for photoeffects of Ti02/steel system. This electron migration process is influenced by the interfacial property of Ti02/steel system. The previous study reported that a significant diffusion occurred between Ti02 and steel substrate during the heat treatment of sol-gel derived Ti02. Fig.12 shows the XPS depth profiles of the samples a (Fe), b (Fe304), c (y-Fe203) and d (aFe203) with different distribution of Ti and Fe on their surfaces. A significant oxidation and diffusion of Fe was observed in Ti02 directly coated on carbon steel. The interfacial Fe304 layer retards the Fe diffusion into Ti02 to a certain extent, and a layer of pure Ti02 near the surface is exempted from being contaminated by Fe. After heat treated at 375°C, the diffusion of Fe was promoted ; an increase in Fe deficiency and porosity was considered to be the cause of this. The specimen heat-retreated at 525° C showed a wider Ti02 layer ; nevertheless, Fe was still detected at the outermost surface. The surface morphologies are shown in Fig.13 . A transparent thin Ti02 film with micro cracks were observed on top of iron oxide and its thickness was 100-200 nm at the position of the micro cracks. The Fe diffusion into Ti02 detected in the XPS analysis is perhaps related to the iron oxides which localized at the cracks and porosities in Ti02 film as shown in Fig. 13 . The above XPS results mean that the photoeffect of Ti02/steel de- Fig, 11 The transition current curves for Ti02/aFe203/steel. pends primarily on the type of interfacial iron oxides.
When iron oxide was coated with Ti02 coating, a hetero-junction was matched according to the relative positions of the conduction bands, valence bands and Fermi levels. aFe203 and Ti02 are n type semiconductors with the band gap of 2.2 eV and 3.2 eV, respectively. Moreover, the conduction band of a-Fe203 was lower than that of Ti02 by 0. 38 eV21>. Therefore, the n-n type hetero-junction of the Ti02/a-Fe 20322) was formed by heat treating at 525°C followed by coating of Ti02; this hetero-junction allows the photo-excited electrons easy to transfer from outer Ti02 coating to the substrate. Magnetite (Fe,_ [1 04) could be both a p type and an n type semiconductor, depending on the Fe deficient vacancies on the octahedral sites" . The band gap is small (0. 1 eV). In edge-sharing octahedra sites, the hopping electrons (holes) can migrate easily among Fell and Fe2+ ions. When magnetite is coated with Ti02, the migration of photo-excited electrons from Ti02 coating to the substrate steel may be retarded due to the energy barrier of a n-p type hetero-junction, and/or possibly the photo-excited electrons and holes are easy to recombine at the hetero-junction because of the small band gap and the hopping mechanism in Fe3_X Elk 04. These effects perhaps account for the poor photoelectrochemical response of the Ti02/ Fe3_XElX04/steel. Although a vivid photoelectrochemical response for the Ti02 /a-Fe203/steel systeem was observed, the Fe was still found to diffuse into Ti02 during the heat treatment.
The effect of Fe diffusion on photoeffect of Ti02/ steel was examined by varying the procedure of Ti02 dip-coating. Fig. 14 and Fig. 15 show the effect of Ti02 dip-coating procedure on photoeffect. Although the photoeffect was shown to be improved by increasing Ti02 thickness, increasing dipping numbers in solgel method, its performance still depends on the dip-coating process particularly on the heat treatment conditions for Ti02. The previous coating procedure was aging at RT, for 10 min and heat treating at 400° C for 10 min for each dip, while the new procedure is aging at RT. for 10 min and subsequent heat treating at 150° C for 10 min for each dip in the coating cycles followed by final retreating at 400° C for 10 min. Compared to the previous one, the new procedure demonstrated a better photoresponse with a larger photocurrent and a much less noble photopotential.
Moreover, compared to the pre-oxidation in air for substrate steel4' , the blackening treatment was shown to improve photoeffect significantly by increasing the amount of a-Fe203 in the Ti02/ steel interface.
3.4 Stability of iron oxides under illumination Fig. 16 shows the variation of (a) the photopotentials and (b) the integral intensities of corresponding XRD patterns. In deaerated solution the photopotential was stable for 100 hrs and thereafter rose gradually toward more noble direction, while in aerated solution the photopotential was more stable even after an elongated illumination over 450 hrs. The more stable photopotential in the aerated solution corresponds to the more stable presence of both Fe304 and a-Fe203 as shown in Fig. 16  (b) . In thoroughly deaerated solution, the cathodic reduction reaction could leads to a solid-state transformation of a-Fe 2 0 3 into Fe 2 oxide/hydroxide23~due to the suppressed oxygen reduction. Fig. 17 shows the recovery of the electrode potential after illuminated for 250 hrs. It was found that the electrode potential recovered to its original value (before illumination) much slower in deaerated solution than in aerated solution. This means that after illumination photoeffect can remain for a longer time for lack of oxygen ; here oxygen is considered an acceptor of the photo-excited electrons. was poor with Fe304 and y-Fe203. The performance of photoeffect is essentially determined by the electronic structure of Ti02/iron oxide hetero-junction. The photoeffect of Ti02/aFe203/steel was also found to be affected by the diffusion of Fe, and it was improved by changing the coating procedure, particularly the heat treatment for Ti02 coated specimen. For Ti02/a-Fe203/steel under illumination, it was found that a-Fe 203 was stable in aerated solution, while in a thoroughly deaerated condition a-Fe203 could be reduced slightly by the photo-excited electrons.
(Manuscript received June 9, 1997 ; in final form July 17, 1997) a Fig. 16 The variation of the photopotential under illumination (a) and the corresponding integral intensities of Fe304 (20 30 .1°) and a-Fe203 (2033. 1°) (b). 
